Morphology and microstructure of dislocation etch pits in GaN epilayers etched by molten KOH have been investigated by atomic force microscopy, scanning electron microscopy, and transmission electron microscopy ͑TEM͒. Three types of etch pits ͑␣, ␤, and ␥͒ are observed. The ␣ type etch pit shows an inversed trapezoidal shape, the ␤ one has a triangular shape, and the ␥ type one has a combination of triangular and trapezoidal shapes. TEM observation shows that ␣, ␤, and ␥ types etch pits originate from screw, edge, and mixed-type threading dislocations ͑TDs͒, respectively. For the screw-type TD, it is easily etched along the steps that the dislocation terminates, and consequently, a small Ga-polar plane is formed to prevent further vertical etching. For the edge-type TD, it is easily etched along the dislocation line. Since the mixed-type TDs have both screw and edge components, the ␥ type etch pit has a combination of ␣ and ␤ type shapes. It is also found that the chemical stabilization of Ga-polar surface plays an important role in the formation of various types of dislocation etch pits.
I. INTRODUCTION
Wet etching techniques are extensively used for defect evaluation due to its merits of low cost and simple experimental procedure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The shapes of etch pits are well correlated with types of defects, and the etch pits density ͑EPD͒ may correspond to the density of defects. However, for GaN, the density, types, and distribution of defects vary significantly due to growth-related conditions, which makes it difficult to reach an agreement about the origin of the etch pits, and it can be even more difficult for test techniques.
Generally there are two ways to investigate the relationship between the etch pits and the threading dislocations ͑TDs͒ in GaN epilayers, i.e., direct observation and quantitative analysis. Transmission electron microscopy ͑TEM͒ works in the first way, while quantitative analysis combines several test technique results such as TEM and x-ray diffraction. It is observed that both the screw-type and mixed-type dislocations terminated at the bottom of etch pits by crosssectional TEM, 2, 3 while it is also found that only nanopipes can cause etch pits by plan-view TEM. [4] [5] [6] Visconti et al. [7] [8] [9] [10] and Xu et al. 11 found that the total dislocation density obtained by TEM is close to the EPD, while Kozawa et al. 12 found the EPD is smaller than the dislocation density. Besides, the edge-type dislocations related with etch pits cannot be found through direct observation, which was ascribed to the difficulty in preparing a cross-sectional TEM sample. 3 However, the mechanism and origin of dislocations etch pits in GaN epilayer are still ambiguous. In this study, we study dislocation etch pits etched by molten KOH to identify the origin and mechanism of etch pits in GaN epilayer. It is clarified that three types of the etch pits with three shapes originate from screw-, edge-, and mixed-type TDs, respectively. It is also found that the chemical stabilization of Gapolar surface plays an important role in the formation of various types of dislocation etch pits.
II. EXPERIMENTAL PROCEDURE
GaN epitaxial thin films were grown by means of metal organic chemical vapor deposition on c-plane sapphire substrates. Trimethylgallium and NH 3 were used as precursors. High purity H 2 was used as carrier gas. Prior to the GaN growth, the substrate was cleaned under H 2 ambient at 1010°C. Then, a 20 nm thick low temperature GaN nucleation layer was grown at 560°C. The annealing stage comprised the ramping stage and the stabilization stage. Then, a 2 m thick GaN epilayer was grown. Wet etching was performed in molten KOH for 2, 4, 6, and 8 min at 220 and 240°C, respectively. Surface morphology of samples was characterized by atomic force microscopy ͑AFM͒ of Digital Instruments Nanoscope III and scanning electron microscopy ͑SEM͒ of Quanta 200FEG. TEM specimens were thinned by conventional mechanical polishing and then Ar-ion milling with 4.5 keV at 5°glancing incidence by Gatan model 691 ion polishing system. Both plan-view and cross-sectional TEM images were performed using JEOL-200CX operated at 160 kV. 1͑d1͒ respectively. According to the topographic contrast principle of secondary electron image, the brightest part represents a steep incline, the gray area should be a plane or a gentle incline, and the black core means that there is a hole or a sharp groove whose secondary electron cannot be collected. Therefore, schematic shapes of these kinds of etch pits are proposed and shown in Figs. 1͑b2͒, 1͑c2͒, and 1͑d2͒. From Fig. 1͑a͒ , it is found that the ␣ type etch pit is an inversed truncated hexagonal pit, the ␤ type one is an inversed hexagonal pyramid, and the ␥ one is just a polygon but unclear. The following AFM and TEM observations will confirm the proposed illustrations and clarify the shape of the ␥ type etch pit. Figure 2͑a͒ shows AFM surface image ͑10ϫ 10 m 2 scan area͒ of the typical GaN sample. In Figs. 2͑b͒-2͑d͒, the line profile across the etch pits in symmetry axis is used to show the shape of these etch pits. In Fig. 2͑b͒ , the trapezoidal profile is similar to the three-dimensional ͑3D͒ schematic illustration shown in Fig. 1͑b͒. In Fig. 2͑c͒ , the triangular profile is similar to the 3D schematic view of ␤ type etch pit shown in Fig. 1͑c͒. In Fig. 2͑d͒ , the profile of the pit has a triangular and trapezoidal shape. It seems to be a combination of ␣ and ␤ types. The profile in Fig. 2͑d͒ is similar to the 3D schematic view drawn in Fig. 1͑d͒ , which is supposed to be the shape of the ␥ type etch pit.
III. RESULTS AND DISCUSSION
In principle, TEM can reveal and identify each individual dislocation directly through its strain field. For GaN grown on c-plane sapphire, the c axis is along ͓0001͔. Therefore we easily obtain zone axis ͓0001͔ patterns in a planview image and a cross-section image with g = ͓11-20͔. Most of the TDs away from the film/sapphire interface have a ͓0001͔ line direction. The Burgers vectors for the different types of TDs are a =1/ 3͗11-20͘ ͑edge-type͒, c = ͗0001͘ ͑screw-type͒, and c + a =1/ 3͗11-23͘ ͑mixed-type͒. As is well known, 17, 18 screw-type dislocations are invisible in a TEM image if g · b = 0 and edge-type dislocations are invisible if both g · b = 0 and g · b ϫ u =0 ͑g is the diffractive vector, b is the Burgers vector of the dislocation, and u is the line direction of the dislocation͒. However, GaN has a hexagonal crystal structure and therefore the basal plane ͑i.e., 0001͒ and all planes perpendicular to it are elastic symmetry planes. As a result, all dislocations lying on the basal plane or perpendicular to it exhibit pseudoelastic isotropy and the invisibility criteria for elastically isotropic materials are valid for dislocation, which lie on such planes. 13 In order to study the microstructure of the dislocation etch pits and identify the types of TDs in GaN, many TEM images have been obtained in the same region under weak beam conditions using different g vectors of ͓0002͔, ͓11− 20͔, ͓01− 10͔, ͓10− 11͔, and ͓−2201͔, respectively. Based on the visibility criteria g · b = 0, screw and mixed type TDs are observable with g = ͓0002͔, while edge and mixed type TDs are observable with g = ͓11-20͔. From all images with different g vectors ͑many images are not shown here͒, we can identify the types of TDs in GaN. Figure 3 shows typical cross-sectional TEM images of ͑a͒ ␣, ͑b͒ ␤, and ͑c͒ ␥ types of etch pits, respectively. In Fig.  3͑a͒ , the etch pit has a trapezoidal shape. It is consistent with the 3D view of the ␣ type etch pit. A screw-type TD is terminated at the bottom of the pit. So it indicates that ␣ type etch pits correspond with screw-type TDs. A triangular etch pit with an edge-type TD is shown in Fig. 3͑b͒ . It is similar to the image shown in Fig. 1͑c͒ . Therefore, ␤ type etch pits correspond with edge-type TDs. In Fig. 3͑c͒ , the etch pit has a combination of triangular and trapezoidal shapes, and a mixed-type TD is terminated at the sharp bottom of the pit. Here it is confirmed that the given shape of the ␥ type etch pit is correct, and ␥ type etch pits correspond with mixedtype TDs.
The density of ␣, ␤, and ␥ type etch pits and the dislocation density obtained by plan view TEM images for typical samples are listed in 3 found different etch pits correspond to different TDs and concluded that TDs having a screw-component burgers vector act as strong nonradiative centers in GaN epitaxial layers, whereas edge dislocations, which are the majority, do not act as nonradiative centers. However, the mechanism and origin of dislocations etch pits in GaN epilayer are not clarified in their work.
In order to interpret the origin of etch pits, an etching mechanism model confirmed by TEM, SEM, and AFM is proposed. It is believed that ␣ type etch pits represent the surface termination of screw-type TDs. It is well known that a screw-type TD creates a step when it terminates at the GaN surface, as shown in Fig. 4͑a͒ . This step is associated with the natural terrace structure. At the beginning, etching enlarges the step and forms a few spiral steps, as shown in Fig.  4͑a͒ . These spiral steps are so vulnerable that they can be easily attacked by OH −1 through further etching. Then only a small plane is left, as shown in Fig. 4͑b͒ . This small facet must be Ga-terminated. Even it was N-terminated, it would be further etched to Ga-terminated due to the chemical stabilization of Ga face. [19] [20] [21] [22] [23] Once the small smooth plane is formed, the vertical etching velocity ͑V n ͒ will become much smaller than the transverse etching velocity ͑V s ͒, and finally the small plane will become a bigger one. Therefore, the screw-type TD can be etched to an inversed truncated pyramid.
On the other hand, ␤ type etch pits relate to edge-type TDs. Figure 4͑c͒ illustrates an edge-type TD with b = ͗11-20͘ / 3. "ϫ" denotes the edge-type TD line, which is vertical to the surface. Since every atom in this line has a dangling bond, these atoms are so vulnerable that they can be attacked. There is little chance that a small Ga-terminated facet will form to stop vertical etching as in the case of screw-type TDs. So the edge-type TD can be etched to an inversed pyramid, as shown in Fig. 4͑d͒ .
Besides, ␥ type etch pits are associated with mixed-type TDs. As mixed-type TDs have both screw and edge components, it goes without saying that the shape of ␥ type etch pits comprises those of ␣ and ␤ type etch pits.
Based on the above analysis, the difference in the etch pits shapes between screw-type TDs and edge-type TDs lies on the etching mechanism model. Etching screw-type TDs depends on the steps created by screw-type TDs, while etching edge-type TDs depends on the dangling bonds along the TDs line. So the emphasis is that the chemical stabilization of Ga-polar surface plays an important part in the formation of dislocation etch pits. 
IV. CONCLUSION
Morphology and microstructure of the dislocation etch pits in GaN epilayers etched by molten KOH have been investigated by AFM, SEM, and TEM. Three types of etch pits ͑␣, ␤, and ␥͒ with different shapes are observed and a model concerning the etching mechanism is proposed to explain their origin. The ␣ type etch pit has an inversed trapezoidal shape, the ␤ one has a triangular shape, and the ␥ type one has a combination of triangular and trapezoidal shapes. TEM observation shows that ␣, ␤, and ␥ types etch pits correspond with screw, edge, and mixed-type TDs, respectively. For the screw-type TD, it is easily be etched along the steps that the dislocation terminates, and consequently, a small Gapolar plane is formed to prevent further vertical etching. So the etch pit is an inverted truncated hexagonal pyramid. For the edge-type TD, it is easily etched along the dislocation line, so resulting in an inverted hexagonal pyramid etch pit. Since mixed-type TDs have both screw and edge components, the ␥ type etch pit has a combination of ␣ and ␤ type shapes. It is also found that the chemical stabilization of Ga-polar surface plays an important role in the formation of various types of dislocation etch pits.
